Aims. In this paper we report calculations for energy levels and radiative rates for transitions in Ni XIX. Methods. The General purpose Relativistic Atomic Structure Package (grasp) has been adopted for the calculation of energy levels and radiative rates. Results. Energies for the lowest 89 levels from the (1s 2 ) 2s 2 2p 6 , 2s 2 2p 5 3 , 2s2p 6 3 , 2s 2 2p 5 4 and 2s2p 6 4 configurations of Ni XIX, are reported. Additionally, radiative rates, oscillator strengths, and line strengths are reported for all electric dipole (E1), magnetic dipole (M1), electric quadrupole (E2), and magnetic quadrupole (M2) transitions among these levels. Comparisons are made with the available results in the literature, and the accuracy of the present data is assessed. Finally, lifetimes for all excited levels are listed, and comparisons made with earlier available theoretical results.
Introduction
Neon-like ions, particularly of the iron group of elements (namely Ti, Cr, Fe and Ni), are highly useful for the modelling and diagnostics of a variety of plasmas, such as astrophysical, fusion and laser generated plasmas. Many emission lines of nickel, including those from Ni XIX, have been observed in the sun -see, for example, Jupen (1984) and Feldman et al. (2000) . Similarly many transitions, particularly within the n = 3 configurations, have been measured in laboratory plasmas by Feldman et al. (1967) , Swartz et al. (1971) , Boiko et al. (1977) , Buchet et al. (1987) and Biémont et al. (2000) . Therefore, atomic data (energy levels, radiative rates, collision strengths and excitation rates) for Ni XIX (and many other ions) are required for the modelling of plasmas, as well as diagnostics for their physical parameters, such as temperature and density. To fulfill this requirement, we have already reported results of energy levels and radiative rates for transitions in Ni XIII−XVI (Aggarwal et al. 2003) and Ni XVII (Aggarwal et al. 2007) , and in this paper we present similar results for Ni XIX.
There have been a few calculations in the literature for Ni XIX, particularly by Loulergue & Nussbaumer (1975) , Zhang et al. (1987) , Zhang & Sampson (1989) , and Hibbert et al. (1993) . Loulergue & Nussbaumer reported values of energy levels and radiative rates (A-values) . For the construction of wavefunctions, they included configuration interaction (CI) among 89 levels of the (1s 2 ) 2s 2 2p 6 , 2s 2 2p 5 3 , 2s2p 6 3 , 2s 2 2p 5 4 and 2s2p 6 4 configurations, but reported energy levels and A-values only for some transitions among 57 levels. Furthermore, they calculated A-values for the electric dipole (E1) transitions alone, whereas in plasma modelling corresponding results for other types of transitions, namely magnetic dipole (M1), electric quadrupole (E2), and magnetic quadrupole (M2), may also be required. Similarly, Tables 3 and 4 (Hibbert 1975a ) in which they included extensive CI with up to n = 5 orbitals. However, their calculations are restricted to E1 transitions among the lowest 37 levels of the 2s 2 2p 6 , 2s 2 2p 5 3 and 2s2p 6 3 configurations, whereas emission lines from the higher excited levels of the n = 4 and 5 configurations have already been measured (Swartz et al. 1971; Boiko et al. 1977; Biémont et al. 2000) . Therefore, there is a clear need to extend the calculations to higher excited levels. Additionally, and more importantly, their energy levels, particularly for the levels of the 2s2p 6 3 configurations, differ by up to ∼1.6 Ryd (2%) with those of Zhang & Sampson or the experimental values. Therefore, it has become essential to resolve this large discrepancy, apart from extending their calculations to higher excited levels, so that the results can be applied with confidence to the modelling of plasmas. Hence, in this paper we report energy levels and radiative rates for all transitions, and for all the four types mentioned above, because both of these requirements of having a complete set of data and for all types of transitions have recently been emphasized by Liedahl (2000) , and demonstrated by Del Zanna et al. (2004) .
In the present work, we mostly focus on the lowest 89 levels of the 2s 2 2p 6 , 2s 2 2p 5 3 , 2s2p 6 3 , 2s 2 2p 5 4 and 2s2p 6 4 configurations of Ni XIX, although calculations have been performed for a larger number of levels (157). Additionally, our approach is fully relativistic, as we employ the GRASP (General purpose Relativistic Atomic Structure Package) code of Dyall et al. (1989) to calculate radiative rates for the four types of transitions mentioned above. Finally, we also report lifetimes for all excited levels, and make comparisons with other available theoretical results.
Energy levels
The 2s 2 2p 6 , 2s 2 2p 5 3 , 2s2p 6 3 , 2s 2 2p 5 4 and 2s2p 6 4 configurations of Ni XIX give rise to 89 fine-structure levels, listed in Table 1 . A calculation performed with these 15 configurations is referred to as grasp1. Since some levels of the n = 5 configurations interact with those of the n = 4 configurations, we have performed another calculation, referred to as grasp2, in which we include a total of 157 levels. The additional 68 levels arise from the 2s 2 2p 5 5 and 2s2p 6 5 configurations. This will help us in assessing the accuracy of results for the lower levels.
Our calculated energies obtained from the grasp code, from both the grasp1 and grasp2 calculations, are listed in Table 1 for the desired 89 levels. For our calculations, we have used the option of extended average level (EAL), in which a weighted (proportional to 2 j + 1) trace of the Hamiltonian matrix is minimized. This produces a compromise set of orbitals describing closely lying states with moderate accuracy. The calculations also include corrections from the Breit and QED effects. Also included in Table 1 are the experimental compilations of the National Institute of Standards and Technology (NIST), which are available at the website http://physics.nist.gov/PhysRefData, and the available theoretical results of Loulergue & Nussbaumer (1975) and Zhang & Sampson (1989) .
Our energy levels from the grasp1 and grasp2 calculations agree closely (within 0.02 Ryd), except for the 2s2p 6 4p 3 P
• 2 level (80), for which the difference is 0.04 Ryd. This indicates that the effect of the n = 5 configurations is negligible on the energy levels of the n = 3 and 4 configurations. This is mainly because the levels of the n = 5 configurations lie above the 2s 2 2p 5 4f 3 D 3 (75) level, and hence a majority of these do not interact with the lower levels. Additionally, level orderings are the same in both calculations. However, some levels, such as: (2s 2 2p 5 3p) 3 D 2 and 1 D 2 (7 and 14) and (2s 2 2p 5 4p) 3 D 2 and 1 D 2 (41 and 55), are highly (or rather equally) mixed. Nevertheless, we have identified these levels on the basis of the strengths of their eigenvectors, in both calculations, and can state with confidence that there is no uncertainty in the designations of the levels in our listings in Table 1 .
Our Breit and QED corrected energy levels agree with the experimental values within 0.25 Ryd (∼0.3%) -see for example, levels 28 and 29. However, the differences for two levels, namely (2s 2 2p 5 4d) 3 F
• 3 and 1 D
• 2 (53 and 56), are unexpectedly large, i.e. 1.4 Ryd or ∼1.6%. As stated above, there is no ambiguity in our listings of the identification of the levels. However, a closer examination does reveal that these two levels are well mixed with two other levels, namely 1 F
• 3 and 3 D
• 2 (70 and 69), respectively. To be specific, the mixing coefficients of 3 F • 2 , respectively, in the NIST data, then there is no discrepancy between theory and experiment. Finally, the energy levels of Zhang & Sampson (1989) also support our above conclusion, as their results agree with ours within 0.2 Ryd. However, they have probably misindentified the (2s 2 2p 5 3s) 1 P
• 1 and 3 P
• 1 levels (3 and 5) in reverse The other results listed in Table 1 are from Loulergue & Nussbaumer (1975) , who have included the same configurations as in our grasp1 calculations, yet their energy levels differ by up to 1.8 Ryd (∼2.5%) with both experimental and other theoretical results, for many levels, such as: 13, 25, 28−37 and 69−81. Some of these differences are due to the misidentification of the levels -see, for example, levels 3/5 and 9/13, but for a majority of the levels (such as 78 and 81) the differences are in the calculational methods. Since their calculations were performed over three decades ago, with limited CI and including only the spinorbit interaction term, it will be unfair to give too much emphasis to these differences in comparison to the present work. However, the energy levels of a more recent calculation by Hibbert et al. (1993) also agree with those of Loulergue & Nussbaumer, particularly for the levels of the 2s2p 6 3 configurations (28−37), and are in complete disagreement with the present or earlier calculations of Zhang & Sampson (1989) -see Table 2 . Corresponding results from the experimental work are not available for all the levels, but are available for four levels (28, 29, 31 and 33), for which there is no agreement with the work of Loulergue & Nussbaumer or Hibbert et al. Since two independent calculations for 10 levels of the 2s2p 6 3 configurations differ substantially, by up to 1.8 Ryd (∼2%), with the present and earlier work of Zhang & Sampson, we discuss these further.
As stated earlier, Loulergue & Nussbaumer (1975) included the same basic configurations as included in our grasp1 calculation or the one performed by Zhang & Sampson (1989) , but Hibbert et al. (1993) included more extensive CI with up to n = 5 configurations as specified in their Gu (2003) , which is available from the website http://kipac-tree.stanford.edu/fac. This is a fully relativistic code like grasp, but is comparatively easier to run. Since results obtained from grasp and fac are generally in excellent agreement (see, for example, Aggarwal et al. 2007 , for Mg-like ions or the present Table 2 ), our calculations from fac enable us to assess the contribution of extensive CI in a fully relativistic work. We discuss these results below.
In Table 2 , we list energy levels, for the lowest common 37 levels alone, from the experimental compilations of NIST along with a variety of the present calculations, from grasp as well as fac, and those of Hibbert et al. (1993) . The corresponding energy levels of Zhang & Sampson (1989) and Loulergue & Nussbaumer (1975) grasp2), and finally fac3, which includes 3601 levels arising from the configurations specified above. Our energy levels from grasp agree closely (within 0.1 Ryd) with those from fac1 and fac2, and the differences are only slightly higher (up to 0.18 Ryd or equivalently ≤0.25%) with those from fac3. The CIV3 energy levels of Hibbert et al. for the lowest 27 levels are in excellent agreement with the experimental compilations of NIST. This is because their focus has been mainly on these levels. However, their energy values for the levels of the 2s2p 6 3 configurations (28−37) differ from any of our calculations or the compilations of NIST by up to 1.5 Ryd or equivalently ≤2%. The excellent agreement among a variety of our calculations, performed with differing amount of CI included and with two independent methods, confirms that the inclusion of extensive CI does not improve the energy levels of the n = 3 configurations of Ni XIX. Hence, we can state with confidence that the energy levels of Loulergue & Nussbaumer and Hibbert et al., although agreeing with each other, are not as accurate as reported by us or earlier by Zhang & Sampson, and are underestimated by up to 1.5 Ryd, especially for the levels of the 2s2p 6 3 configurations. This conclusion is also (partially) supported by the compilation of experimental energy levels by NIST.
Radiative rates
The absorption oscillator strength ( f i j ) and radiative rate A ji (in s −1 ) for a transition i → j are related by the following expression:
where m and e are the electron mass and charge, respectively, c is the velocity of light, λ ji is the transition energy/wavelength in Å, and ω i and ω j are the statistical weights of the lower (i) and upper ( j) levels, respectively. Similarly, the oscillator strength f i j (dimensionless) and the line strength S (in atomic unit, 1 au = 6.460 × 10 −36 cm 2 esu 2 ) are related by the following standard equations:
for the electric dipole (E1) transitions:
and
for the magnetic dipole (M1) transitions:
for the electric quadrupole (E2) transitions:
and for the magnetic quadrupole (M2) transitions:
In Table 3 we present transition energies (∆E i j in Å), radiative rates (A ji in s −1 ), oscillator strengths ( f i j , dimensionless), and line strengths (S in au), in length form only, for all 1210 electric dipole (E1) and 1468 electric quadrupole (E2) transitions among the 89 levels of Ni XIX. The indices used to represent the lower and upper levels of a transition have already been defined in Table 1 . Similar results for 1172 magnetic dipole (M1) and 1505 magnetic quadrupole (M2) transitions are listed in Table 4 .
Since the electric dipole (E1) transitions are comparatively more important, and most of the results available in the literature are confined to these transitions alone, we focus on the accuracy assessments of their f -values. In Table 5 we compare our results from the grasp1, grasp2 and fac calculations with those of Hibbert et al. (1993) from the CIV3 code. The fac calculations correspond to the fac3 configurations described in Sect. 2, and the corresponding results of Zhang & Sampson (1989) are not included in this table, because their f -values are only for the resonance transitions, for which there is no discrepancy with our calculations. Furthermore, in this table we restrict the comparisons to transitions from the lowest 5 levels to levels up to 37. This comparison should give us sufficient information about the accuracy of our radiative rates.
Our f -values from the grasp1, grasp2 and fac calculations generally agree within ∼10% for all the transitions listed in Table 5 . This highly satisfactory agreement among the three calculations, with differing amount of CI included, clearly shows that the effect of extensive CI is negligible on the f -values. Similarly, the earlier obtained results of Hibbert et al. (1993) from the CIV3 code also generally agree within 10% for a majority of transitions. However, there are differences of up to 20% for some transitions, such as: 2−28, 3−28 and 4−28, whereas for the 5−29 (2s 2 2p 5 3s 3 P
• 1 −2s2p 6 3s 1 S 0 ) transition their f -value is lower by 50% in comparison to all three other results listed in the table. Since all the transitions for which the f -values of Hibbert et al. differ substantially, including those which are not listed in Table 5 , involve the higher excited levels of the 2s2p 6 3 configurations (28−37), the differences are clearly due to the inaccuracy in their determination of energy levels, as already discussed Hibbert et al. (1993) from the CIV3 code.
in Sect. 2. Therefore, there is no discrepancy with the reported f -values of Hibbert et al. for transitions involving lower levels up to 27, but their results for those transitions which involve the higher excited levels of the 2s2p 6 3 configurations are not very accurate, and differ from our calculations by up to 50%. However, before forming conclusions on the accuracy of our results, we make some other assessments below for a larger number of transitions, because the transitions in Table 5 represent only a fraction of a total of 1210.
A general criterion to assess the accuracy of the A-or f -values is to compare their length and velocity forms. Before we discuss these we would like to remind readers that such comparisons are desirable, but are not a fully sufficient tests to assess the accuracies (Hibbert 1975b) , as different calculations (or combinations of configurations) may give comparable f -values in the two forms, but entirely different results in magnitudesee Aggarwal et al. (2007) for further details and comparisons. Nevertheless, we discuss the two forms below in order to make some assessment about the accuracy of the results.
Among the stronger transitions (i.e. f ≥ 0.01), the length and velocity forms agree to better than 20% for all transitions, except for 11−27 (2s 2 2p 5 3p 3 P 0 −2s 2 2p 5 3d 1 P
• 1 ; f L = 0.017) for which f L / f V = 1.5. This is highly satisfactory and in a way confirms the accuracy of our calculations. However, differences between the two forms for weaker transitions ( f < 0.01) are up to several orders of magnitude, particularly for those whose f -values are ∼10 −5 or smaller. Examples of such transitions are: 7−80 ( f = 1.3 × 10 −5 ), 14−81 ( f = 1.5 × 10 −5 ) and 52−55 ( f = 9.2 × 10 −8 ). Such large differences for weak transitions are very common, and mainly arise from the cancellation effect of the mixing coefficients and/or the inclusion/exclusion of large CI. Although the f -or A-values for such transitions may be required in modelling work, their contribution is much less important in comparison to those from the stronger transitions. Therefore, a larger variation in their values among different calculations, and/or between their f L and f V values, do not affect the overall accuracy of a calculation. To conclude, based on a satisfactory agreement between the two forms, we may state that the accuracy of our listed A-values is better than 20% for all strong transitions.
Lifetimes
The lifetime τ for a level j is defined as follows:
Since this is a measurable parameter, it provides a check on the accuracy of the calculations. In Table 1 we list our calculated lifetimes, from both the grasp1 and grasp2 calculations, which include the contributions from all four types of transitions, i.e. E1, E2, M1 and M2. These results are helpful for comparisons with theory or experiments. The two sets of lifetimes agree closely, except for two levels, namely (2s2p 6 4p) 3 P
• 1 and 1 P
• 1 (79 and 81), for which the differences are up to a factor of two. However, the lifetimes for both of these levels are very small, i.e. τ ∼ 10 −13 s. To our knowledge, no measurements of lifetimes are available for levels of Ni XIX, but Hibbert et al. (1993) have reported calculations for some levels of the 2s 2 2p 5 3 configurations. We compare their results with our calculations in Table 6 . In general, agreement between the two calculations is within 10%, which is highly satisfactory. However, the difference for the 2s 2 2p 5 3p 1 D 2 level (14) is ∼20%, which is due to the fact that Hibbert et al. have performed calculations for the E1 transitions alone, whereas we have also included the contributions of the E2, M1 and M2 transitions. For most of the levels listed in Table 6 the contributions of the E1 transitions are dominant, but for the 1 D 2 level, the E2 transition 1−14 makes a significant contribution, as its A-value is 1.20 × 10 9 s −1 while that of the dominant 5−14 E1 transition is 8.14 × 10 9 s −1 . To conclude, we may state that there is no discrepancy for the lifetimes between two independent calculations, because for the lowest 27 levels there is no discrepancy for the A-values either.
Conclusions
In the present work, results for energy levels, radiative rates, oscillator strengths, and line strengths for transitions among the Based on the comparison made among a variety of calculations, and adopting both the grasp and fac codes with differing amount of CI, as well as with the available compiled experimental and other theoretical results, our energy levels are assessed to be accurate to better than 1%. We have also demonstrated that the earlier available energy levels of Loulergue & Nussbaumer (1975) and Hibbert et al. (1993) are underestimated by up to 1.5 Ryd for several levels, particularly the higher ones. Similarly, based on the comparison made between the length and velocity forms of the oscillator strengths, as well as among a variety of calculations with differing amount of CI included, we assess that our radiative rates are accurate to better than 20% for all strong transitions. However, for weaker transitions the A-or f -values are less accurate. Lifetimes for all excited levels of Ni XIX are listed, but comparison with the corresponding available results has been possible for only a few levels, for which there are no discrepancies.
To assess the accuracy of our presented results, we also performed a larger calculation (with up to 3601 levels) from fac, which included more elaborate CI than in our grasp calculations. However, the energy levels and A-values from grasp have been preferred, mainly for two reasons. Firstly, as discussed in Sects. 2 and 3, the results obtained from the simpler grasp calculations are of comparable accuracy with those from the larger calculation. Secondly, and more importantly, a collisional calculation for 3601 levels is currently not feasible with the resources available to us. Therefore, our calculations for a more important parameter namely collision strength, and subsequently for excitation rate coefficient, are in progress only for the lowest 89 levels of Ni XIX. Thus the presently reported results will be consistent with the collisional work. Nevertheless, energy levels and radiative rates for all the 3601 levels can be obtained in electronic form on request from KMA (K.Aggarwal@qub.ac.uk).
